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ABSTRACT 

The temporal e v o l u t i o n  of the i n t e n s i t y  f o r  s o l a r  f l a r e  p ro tons ,  

~ 

during t h e  onse t  phase, i s  shown t o  be i n s e n s i t i v e  t o  t h e  d imens iona l i ty  

~ of an a s s o c i a t e d  d i f f u s i o n  process.  
~ 
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I - INTRODUCTION 

The temporal d i s t r i b u t i o n  of protons a r r i v i n g  a t  Ea r th  from s o l a r  f l a r e  

even t s  i s  c o n s i s t e n t  with an i s o t r o p i c  three-dimensional d i f f u s i o n  

The mean f r e e  pa th  (A) a s s o c i a t e d  with t h i s  d i f f u s i o n  p rocess  i s  approximately 

0.04 astronomical  units‘l) .  P a r k e r ’ s  i n t e r p r e t a t i d 3 ) o f  t h e  magnetic measure- 

ments of Ness e t .  a1.4 i n d i c a t e s  t h a t  t h e r e  a r e  sha rp  k inks  of t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  a t  i n t e r v a l s  comparable t o  1. Therefore  a g r o s s  p i c t u r e  t h a t  ,I 
emerges i s  one i n  which t h e  s o l a r  protons t h a t  are i n j e c t e d  i n t o  t h e  i n t e r -  

p l a n e t a r y  medium, d i f f u s e  t o  Earth v i a  s c a t t e r i n g  from magnetic 

k inks (3 )  which a r e  uniformly d i s t r i b u t e d  over a homogeneous i s o t r o p i c  s o l a r  

environment. Y e t ,  we a l r e a d y  know t h a t  t h e  s o l a r  corona i s  n o t  always 

s ~ h e r i c a l ‘ ~ ) ,  and t h e  r o t a t i n g  sun sp ins  t h e  magnetic f i e l d  of t h e  s o l a r  

I 

wind i n t o  an Archimedes s p i r a l  (6,7) . We s h a l l  show e x p l i c i t l y  that1The 

temporal development of t h e  observed s o l a r  f l a r e  proton i n t e n s i t y  i s ,  i n  

f a c t ,  a poor i n d i c a t i o n  of t h e  geometry a s s o c i a t e d  with the d i f f u s i o n  process  

which has  been invoked (1’2y3) f o r  desc r ib ing  t h e  propagat ion of t h e  beam. I 
*National Academy of Sciences - National Research Council Resident Research 
Assoc ia t e .  



I1 - THE DIFmTSION PROCESS 

The d i s t r i b u t i o n  func t ion  (PI f o r  a p a r t i c l e  t h a t  i s  d i f f u s i n g  among 

a pass ive  l a t t i c e  of s c a t t e r i n g  c e n t e r s  obeys a Smoluchowski g e n e r a l i z e d  

d i f f u s i o n  of t h e  form 

a , + ? j . [ , G + ?  d t  J = o  

-+ 
where U i s  the d r i f t  v e l o c i t y  of t h e  l a  

wind) and 

t i c e  (e.g. t h e  v e l o c i t y  of t h e  s o l a r  

4 -4 

J z - D ' V ~  (2) 

whereD i s  a d i f f u s i o n  dyadic  c o n s i s t i n g  of n i n e  elements D i j ,  for ( i )  and 

( j )  i n d i c e s  t h a t  i n t e rmix  t h e  t h r e e  s p a t i a l  dimensions. 

I d e a l l y ,  we s h a l l  cons ide r  t h e  problem i n  t h e  r e f e r e n c e  system of t h e  

l a t t i c e ,  o r  equ iva len t ly ,  we make t h e  approximation t h a t  t h e  wind speed i s  

n e g l i g i b l e  compared wi th  t h e  speed of t h e  s o l a r  f l a r e  p ro tons .  

t h e  v e l o c i t y  of t h e  d i f f u s i n g  proton (W 108m/sec.) i s  about t h r e e  o r d e r s  of 

magnitude g r e a t e r  than t h e  wind v e l o c i t y .  

In  p r a c t i c e ,  

Hence, we t a k e  

+ u = o .  ( 3 )  

We cons ide r  two extreme cases: ( i )  three-dimensional i s o t r o p i c  d i f f u s i o n  

c h a r a c t e r i z e d  by 

D i j  E (D,) 6 i j  ( 4 )  

when 6 i j  i s  t h e  Kronecker d e l t a ,  and ( i i ) o n e  - dimensional d i f f u s i o n  r ep resen ted  

by 

D i j  

D,, D, 

0 ( i , j ) # ( l , l )  
( 5 )  



A t  ze ro  t i m e ,  t h e  p a r t i c l e s  a r e  i n j e c t e d  a t  t h e  o r i g i n  of an unbounded 

medium. For t h e  phys ica l  s i t u a t i o n  of an absorbing boundary a t  IT1 = R,  t h e  

d e s c r i p t i o n  i n  terms of an unbounded medium remains approximately v a l i d  (10) 

4 

provided t h a t  obse rva t ions  a r e  r e s t r i c t e d  i n  space ( r )  and t i m e  ( t )  t o  

Sub jec t  t o  t h e  s p e c i f i e d  r e s t r i c t i o n s  ( 3 , 6 ) ,  t h e  s o l u t i o n s  t o  t h e  d i f f u s i o n  

equa t ion  (1,2) a r e  t h e  a s s o c i a t e d  Green’s func t ions .  For three-dimensional 

i s o t r o p i c  d i f f u s i o n  (4)  t h i s  i s  

For  one - dimensional d i f f u s i o n  (5), t h e  s o l u t i o n  i s  

These s o l u t i o n s  (7,8) a r e  s i m i l a r  i n  form t o  t h e  corresponding s o l u t i o n s  

f o r  t h e  problem of t h e  random walk (11) of a p a r t i c l e  of speed v execut ing s t e p s  

of l e n g t h  L. For t h e  three-dimensional case, we have 

For  one-dimensional random walk, t h e  s o l u t i o n  i s  : 

P1 = (4nL,vt)- exp [- r2/ ( 4 ~ , v t )  1. (10) 

Comparing ( 9 )  with ( 7 )  and (10) w i t h  (81, w e  make the  i d e n t i f i c a t i o n s :  

(11) 

D, = vL, . (12)  

- 1  D, - 7 v L, 



For a given observation point (r), we observe from (9) and (10) that 

the maximum intensity (i.e. peak p) occurs at a time (t,) given by: 

tm = r”/(2vL). (13 1 

By inserting (11) and (12) into (131, this time (t,) may be re-written in 

a form that better distinguishes the two extreme cases. For isotropic 

diffusion (11) we obtain 

For one-dimensional diffusion (12) 

(14) 

Hence, for the situation where D, M D,, the one-dimensional peak intensity 

reaches the observer after a time interval that is three times longer than 

the interval required for the arrival of the peak of the isotropic intensity. 

Moreover, particle escape at the boundary could become important before the 

idealized one-dimensional peak intensity can be achieved but after the 

idealized isotropic peak intensity has already been observed. 

to the indicated restrictions (6) upon the idealized solutions, this 

According 

situation would obtain for the case that 

(r/R)a 2 1/5.  

Under such circumstances (16), our observations near Earth would be rendered 

relatively insensitive to the one-dimensional co,mponent of a diffusion process. 

. 



111 - A GMPHICAL REPRESENTATION 

From ( 7 )  and (9) we no te  t h a t  a p l o t  of l og  ( ~ , t , / ~ )  ve r sus  f1 y i e l d s  

a s t r a i g h t  l i n e .  The observed i n t e n s i t y  has  been p l o t t e d  i n  t h i s  manner f o r  

s e v e r a l  s o l a r  f l a r e  even t s  ( l Y 2 )  and an a p p r o p r i a t e  s t r a i g h t  l i n e  does indeed 

emerge f o r  some e v e n t s ,  over an i n t e r v a l  t h a t  i s  approximately t h r e e  t imes 

longe r  than t h e  t i m e  r equ i r ed  t o  achieve t h e  peak i n t e n s i t y .  

t o  t h i s  temporal domain a s  t h e  "onset  phase." 

We s h a l l  r e f e r  

Deviat ions from i s o t r o p y  a r e  h e r e  i n v e s t i g a t e d  v i a  a hybrid d i s t r i b u t i o n  

f u n c t i o n  ( f )  t h a t  i s  a l i n e a r  supe rpos i t i on  of p3 and v i z  

where c i s  a parameter t h a t  measures t h e  amount of a one-dimensional contamination. 
1 

We s h a l l  f i n d  t h a t  a p l o t  of log (f t3/2) v e r s u s  t- y i e l d s  an  approximately 

s t r a i g h t  l i n e  du r ing  t h e  onse t  phase f o r  a v a r i e t y  of extreme s i t u a t i o n s .  The 

c a s e s  t o  be considered are:  

a )  € = O  D 3 - - v h  - 1  
3 

- 1  b )  C = 1 D, =D, - -  
3 V h  

c )  e = 1 L, = L, = A. 

a s  i c , !  lows: (12' The r%le of A i s  exh ib i t ed  by d e f i n i n g  dimensionless  v a r i a b l e s ,  

T 3 (vt) /A (18) 

S E r / h .  (19) 

With t h i s  n o t a t i o n  (18, 1 9 ) ,  equat ion (9) may be r e - w r i t t e n  as 



where 

T = L S " .  
m 2  (21) 

For the  case (b) where D, = D,, t h i s  imp l i e s  L, = h/3 and (10) i s  w r i t t e n  

where 

' 3  T = -  S2. 
m 2  

For t h e  case  ( c )  where L, = A ,  (10) may be w r i t t e n  

(23) 

We n o t e  t h a t  f (S ,T)  reaches a maximum, f o r  cases  ( a )  and ( c ) ,  a t  T = Tm, g iven  

by (21) ,  and t h a t  (22) i s  an e x t r a o r d i n a r y  term i n  t h a t  it reaches a maximum a t  

T'  rn = 3 Tm. (25) 

For observat ions a t  t h e  o r b i t  of E a r t h ,  we have t h a t  

1 = 0.04 a.u. 3 S = 25. (26) 

I n  t h e  accompanying f i g u r e ,  we p l o t  l og  [f T3/"] a s  a f u n c t i o n  of T-', f o r  

S = 25, over an onset  phase de f ined  by t h e  i n t e r v a l  

(lo3 =3Tm) > T 7 ( l o 2  = o [ l O S l ) .  (27) 

Note t h a t  (25) and (27) imply 

(28) 
I 

T < Tm* 

There fo re ,  t h e  contamination of a one-dimensional d i f f u s i o n  component i s  l i a b l e  

t o  escape d e t e c t i o n ,  under t h e  circumstances of ou r  p r e s e n t  obse rva t ions .  



It is instructive to define an effective slope (e) as 

A(T-’) ( ~ ~ 1 - l  - ( T J ~  

where T, = 

That the curves for cases (a), (b), and (c) are quantitatively similar is 

LO3 and T, = LO2. 

summa ri zed by 

8c/8b/0a = 0.96/1.07/1.00 

(30) 

It is a pleasure to acknowledge valuable discussions with Phillip 
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